Supplementary Notes
Supplementary Note 1. In vitro Reconstitution of XiaF using Flavin Reductase Fre from E. coli Many XiaF homologs identified in this study have been reported to be part of a two-component systems consisting of a flavin-dependent oxygenase and a NAD(P)H:flavin oxidoreductase (flavin reductase) [1] [2] [3] [4] [5] [6] [7] . To test whether the poor in vitro performance of XiaF could be overcome by addition of a flavin reductase we initially tested Fre, the flavin reductase from E. coli, which has successfully substituted flavin reductase partners in other two-component systems [8] [9] [10] . In the presence of Fre, XiaF reproducibly converted indosespene (2) to xiamycin (3) . In the negative control experiment using denatured XiaF, no product was detectable ( Supplementary Figure 2A, I ). With this robust enzyme assay at hand, we set out to investigate the influence of the reductase partner on the conversion of indosespene by XiaF in more detail. We conducted assays with reduced concentration of enzymes and cofactors in the presence and absence of Fre and found that Fre substantially enhances the activity of XiaF. Whereas in the assay lacking Fre most of the substrate (2) remained unconverted, after 3 h incubation 2 was fully converted into 3 when adding the reductase Figure 3) . Therefore, we suggest that autocatalytic flavin reduction 11 in the presence of reduced pyridine nucleotides yielded traces of reduced flavin and led to the basal activity of XiaF in initial assays lacking Fre. This autocatalytic flavin reduction might also explain the basal activity of the XiaF ortholog XiaI in assays with extended incubation times and high cofactor concentrations 12, 13 .
Supplementary Note 2. Kinetic Analysis of XiaP
Determination of flavin reductase activity revealed, that XiaP is specific for NADH, whereas NADPH seems to be no suitable cofactor. In contrast, NADH was used by XiaP with all tested flavins (FAD, FMN, riboflavin) ( Figure 3C Figure   4C and 4D).
Supplementary Note 3. Detailed Phylogenetic Analysis of XiaF
Homology searches (BLAST) resulted in a diverse set of (28) XiaF homologs ( Figure 2B) . However, the concept to distinguish between natural and alternative substrate for promiscuous xenobiotic-metabolizing enzymes is questionable, especially in the light of recent studies, which suggest that the conversion of indole to indigo is a detoxification mechanism of microorganisms to deal with otherwise toxic indole [26] [27] [28] .
Among the relatives of XiaF there are only four enzymes that have been implicated in tailoring of secondary metabolites. However, none of them has been reported to catalyze the production of indigo as an alternative reaction, or to be evolutionarily related to xenobiotic-metabolizing enzymes.
To investigate the phylogenetic position of XiaF we constructed a phylogenetic tree of all 30 sequences using the Neighbor-Joining method ( Figure 2B Another clade is constituted by secosteroid hydroxylases from Mycobacterium tuberculosis (HsaA #1)
and Rhodococcus sp. Rha1 (HsaA #2), which catalyze an important step in the degradation sequence of cholesterol 3, 4 , and the 4-hydroxyphenylacetate 3-hydroxylase C2-HpaH
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. Notably, these oxygenases are closely related to the bifunctional hydroxylase ActVA-ORF5, which is involved in the biosynthesis of actinorhodin 30 and NcnH, which is presumably involved in naphthocyclinone biosynthesis 31 . All above-mentioned enzymes seem to be related to the phenol monooxygenase PheA from Geobacillus stearothermophilus has been shown in vivo and in vitro (crude enzyme extract) to catalyze the conversion of phenol to catechol in the degradation pathway of phenol.
Furthermore PheA has been reported to catalyze the conversion of indole to indigo and also to be active on cresols 16 . PheA is supported by the flavin reductase PheA2
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.
DszC from Rhodococcus erythropolis IGTS8 (DszC #1) has been characterized in vitro to catalyze the conversion of dibenzothiophene to dibenzothiophene sulfone in the degradation pathway of dibenzothiophene (DBT), which results in the formation of 2-hydroxybiphenyl 34 . 2, 20 .
NmoA from Burkholderia sp. JT1500 has been shown in vitro to catalyze the hydroxylation of 2-naphthoate to 1-hydroxy-2-naphthoate in a proposed 13-step 2-naphthoate degradation pathway.
Moreover, NmoA has been shown to catalyze the conversion of indole to indigo in vitro Crude extracts from E. coli overexpressing iacA have been shown to oxidize IAA 21 and 2-hydroxy-IAA has been suggested to be the product of the IacA reaction 37 .
IacA from Pseudomonas putida (IacA #2) has been shown in vivo (in E. coli) to catalyze the production of indigo. Furthermore, IacA has been suggested to be involve in the catabolism of IAA. 
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. AcdA pB6-2 and AcdA pB7-2 haven't been further characterized.
A metagenomic screening with forest soil also led to the discovery of pJEC due to its ability to catalyze the production of indigo in vivo (in E. coli). This enzyme has not been characterized in detail, either 15 .
BEC has been shown in vivo to catalyze the production of indigo after blue-pigmented E. coli transformants occurred when a genomic library of Ralstonia eutropha HF39 was constructed 17 . BEC
has not been biochemically characterized.
The sugar N-oxygenases KijD3 has been characterized in vitro 40 . Moreover its crystal structure has been solved 32, 40 . KijD3 has been shown to produce a hydroxylamino species in the biosynthesis of the nitro-containing sugar D-kijanose 40 . KijD3 has also been proposed to catalyze further oxidation of the hydroxylamino species to D-kijanose, although this reaction has never been observed in vitro 32, 40 . The putative NAD(P)H-dependent flavin reductase KijD6 has been proposed to assist KijD3 ActVA-ORF5 has been characterized in vivo and in vitro 30, 43 . ActVA-ORF5 is involved in the biosynthesis of actinorhodin and has been proposed to convert the dihydroxynaphthalene partial structure of 6-deoxy-dihydrokalafungin (DDHK) to its tetrahydroxynaphthalene form by the sequential hydroxylation of DDHK at C-6 and C-8 30 .
The ability of ActVA-ORF5 to catalyze C-6 oxygenation has been shown in vitro by using emodinanthrone as a model substrate 30, 43 . Moreover, the C-8 oxygenation activity of ActVA-ORF5 has been shown in vivo by complementation of an engineered Streptomyces coelicolor strain that expressed the minimal gene set for the production of 
Supplementary Figure 7. Structural and Functional Comparison of XiaF and Homologous Enzymes
Shown are XiaF (A, PDB ID: 5LVW), the 4-hydroxyphenylacetate 3-hydroxylase C2-HpaH (B, PDB ID: 2JBT), the secosteroid hydroxylase HsaA from Mycobacterium tuberculosis (C, PDB ID: 3AFE), the dibenzothiophene monooxygenase DszC from Rhodococcus erythropolis D-1 (D, PDB ID: 3X0Y), and the N-oxygenases KijD3 involved in D-kijanose biosynthesis (E, PDB ID: 4KCF). The structural alignment was calculated by the DALI server 48 . The first column shows the superposition of the different monomers, the middle column displays a close-up view of the substrate-binding pocket, and the last column summarizes the reaction catalyzed by the individual flavin-dependent monooxygenases. The substrate-binding pockets of the different monooxygenases comprise the following residues: A) N91, L98, S121, F123, I237, M240, H371 and M373, B) Q123, S146, I148, R263, H396, Y398, C) I88, H95, S118, Y120, H237, H368, A370, M393, D) Y96, F250, F258, H391, F415, T416, E) M102, S141, I143, Q254, S285, P368, I385.
Supplementary Figure 8. Detailed Cladogram of XiaF and Related Flavoenzymes (Neighbor-Joining
Method) 49 The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) is shown next to the branches. Enzymes that have been reported to catalyze indigo formation are colored in blue; deduced gene products (XiaF orthologs) of other putative xia gene clusters that have not been characterized are colored in grey.
Supplementary Figure 9. Detailed Cladogram of XiaF and Related Flavoenzymes (Minimal Evolution
Method) 50 The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) is shown next to the branches. 
Supplementary Tables
Supplementary Table 1 [ a] The values in parentheses of resolution range, completeness, Rmerge and I/σ (I) correspond to the last resolution shell.
[b]
Rmerge(I) = ∑hkl∑j |[I(hkl)j -I(hkl)]|/ ∑hkl Ihkl, where I(hkl)j is the measurement of the intensity of reflection hkl and <I(hkl)> is the average intensity.
[c] R = ∑hkl | |Fobs| -|Fcalc| |/∑hkl |Fobs|, where Rfree is calculated without a sigma cut off for a randomly chosen 5% of reflections, which were not used for structure refinement, and Rwork is calculated for the remaining reflections. [d] Deviations from ideal bond lengths/angles .
[e] Number of residues in favored region / allowed region / outlier region.
